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(54) High power infrared laser system 

(57) The present invention relates to a surgical laser 
system for delivering a beam of radiant energy tlirough 
a remote aperture, including a rod of solid lasing 
medium, comprising means for reducing beam diver- 
gence. The Invention further relates to a method for 
generating a beam of radiant energy having an optical 
path through a remote aperture, including a rod of solid 



lasing medium and an optical cavity, a method for 
reducing the divergence of the beam comprising at least 
one procedure selected from the group consisting of 
shaping at least one end of the rod to have negative cur- 
vature; configuring the optical cavity as a positive- 
branch unstable resonator; and providing a beam 
expansion telescope in the optical path of the beam. 
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Description 

FIELD AND BACKGROUND OF THE INVENTION 

The present invention relates to a surgical laser s 
system and, more particularly, to a solid-slate laser sys- 
tem characterized by high average power and by near- 
to mid infra-red range of wavelengths. 

A widely used dass of surgical laser systems that 
operate in the near IR range is characterized by a solid- io 
state laser and an artculated-arm beam transmission 
means. Solid-state lasers are described and explained 
in many publications - for example in 'Solid State Laser 
Engineering" by WaKer Kbechner {2nd edition), 
Springer Publishing Co.. 1988, which is incorporated by is 
reference for all purposes as if fully set forth herein. 
Articulated-arm beam transmission is well-known in the 
art. 

In this class of surgical laser systems the laser 
medium usually consists of Yttrium-Aluminum-Gamet 20 
(YAG), in which are imtsedded rare earth dopant ions • 
typically Neodymium (Nd), Erbium (Er) or Hdntium 
(Ho), respectively producing wavelengths of approxi- 
mately 1 , 3 or 2 microns. A typical articulated-arm beam 
transmission means (to be referred to, for brevity, as an ss 
arm) is about two meters long, includes seven mirrors to 
deflect the laser beam past the articulations, and has an 
internal diameter of 15 to 18 mm. 

Input (or pumping-) power is usually supplied to the 
laser medium by radiation from an external light source, x 
such as an arc lamp (in which case the input power and 
the laser beam are continuous) or a flash lamp (in which 
case the laser operates in pulses). 

The optical efficiency of the laser medium, that is, 
the ratio of laser power generated in the optical cavity to 35 
the light power fed irrto the laser medium, is relatively 
low - generally in the range of 0.1-5% and typically 1%. 
The excess input light power is converted to heat and 
acts to raise the temperature of the laser medium. Thus, 
for example, for a laser beam power level of 5 watts, the 40 
thermally absorbed power level is typically S/D.01o500 
watts. In order to keep the temperature at acceptable 
levels, the generated heat is conducted away from the 
laser medum rod - typically by means of a jacket of 
flowing water surrounding the rod. In the laser medium 45 
rod, heat is at3soft}ed from the pumping ligtrt atxiut 
evenly over any cross section, while heat loss to the 
cooling water takes place over the outer surface of the 
rod. Since the thermal conductivity of the rod material is 
low. this causes a very pronounced temperature gradi- so 
ent radially across the rod. wtiich in turn causes differ- 
ential elongation of the rod - the region near its axis 
being longer than the perqsheral region - resulting in 
convex end surfaces of the rod, which thus furK:tion as 
positive lenses. This phenomenon is called thermal 55 
lensing". 

Because of this thermal lensing. the optical cavity 
mirrors must be placed as close as possible to the laser 



rod in order to maintain a stable optical resonator. The 
resulting relatively short optical cavity has a high Fres- 
nel number, and therefore supports a high number of 
transverse nxxJes. As a result the beam of coherent 
light ttiat emerges is highly divergent. The beam diame- 
ter at the tool end of the articulated arm ttia'efore 
becomes large, possibly exceeding the internal aper- 
ture and causing vignetting of part of the beam and loss 
of pow» delivered to the target. The foUowing numerical 
illustration is offered as a typical example: The exit 
beam is 6 mm in diameter and diverges at an angle of 
20 milliradians; at the end of a 2-meter-long arm. the 
beam diameter becomes 6 + .02*2000 » 46 mm, which 
greatly exceeds the maximum internal diameter of a 
practical arm. which, as noted above, is about 18 mm. 

In addition, when the laser is turned on. before the 
rod reaches thermal equilibrium, it may focus the beam 
on the optical cavity mirrors, thereby damaging those 
mirrors. 

The effects desaibed hereabove limit the practical 
operating power level of surgical laser systems of prior 
art. resulting in a maximum beam power of aboutS to 10 
vtrattsat the exit aperture of the articulated anm. 

In surgical laser systems of prior art. alleviation of 
the protjiem of beam divergence has been attempted by 
simply shortening the length of the articulated arm. This 
has a severe disadvantage in that it limits the range of 
tool motion and of patient placement available to the 
surgeon. Alternatively widening the diameter of the last 
sections of the arm makes them heavy and more cum- 
bersome. Another way suggested to alleviate the prob- 
lem is to place a mode filter in the optical cavity, thus 
reducing the resultant beam divergence; this will, how- 
ever, further reduce the efficiency of the laser. 

One obvious solution of the problem of thermal 
lensing is to introduce a strongly negative lens into the 
optical cavity near each end of the rod, such that will 
nullify the positive thenmal lens effect. This will, how- 
ever, work only at one particular power level. In contrast, 
surgical laser systems are typically operable at widely 
varying power levels. If the negative lens is strong 
enough to nullify the effect of the thermal lens at maxi- 
mum power level, then at lower power levels the optical 
divergence introduced by the negative lens will tend to 
decrease the efficiency of the laser and to raise the 
power input threshold at which lasing will occur at all. 

There is this a widely recognized need for, and it 
would bte highly advantageous to have, a surgical solid- 
state based laser system that delivers through an easily 
manipulataiile articulated arm a beam of 2-3 microns 
wavelength at varying power levels reaching well atxjve 
those hitherto achievable, without damaging irrternal 
parts. 

SUMMARY OF THE INVENTION 

According to the present invention there is provided 
a laser system for delivering a beam of radiant energy 
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through a remote aperture, including a rod of solid las- 
ing medium, comprising means for redudrg the diver- 
gence of the beam due to thermal effects. 

According to further features in preferred emtjodi- 
ments of the invention descrbed below, the means for 5 
reducing the beam divergence includes a beam expan- 
sion telescope in the optical path of the beam. 

According to still further features in the described 
preferred embodiments, the means for reducing the 
beam divergence includes modifications to the optical w 
cavity and the lasing medium. These modifications 
include Imposing a negative curvature on one or both 
ends of the rod. configuring the optical cavity as a posi- 
tive-branch unstable resonator, and provicSng an intra- 
cavity shutter. is 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is herein described, by way of exam- 
ple only, with reference to the accompanying drawings, so 

wherein; 

FIG. 1 (prior art) is a schematic illustration of the 
problem addressed by the present invention; 

ss 

FIG. 2 is a schematic illustration of the effect of 
including a beam expansion telescope in the optical 
path of FIG. 1; 

FIG. 3 is a schematic diagram of a modified optical 30 
cavity according to the presem invoition. 

DESCRIPTION OF TVIE PREFERRED EMBODI- 
MENTS 

35 

The present Invention is of a surgical sdid-etate 
based laser system that delivers through an easily 
manipulatable articulated arm a beam of 2-3 microns 
wavelength at varying power levels reaching well above 
those hitherto achievable. 40 

Specifically, the present invention can be used to 
decrease the divergence of the beam exiting the laser, 
so as to pass ksslessly through a long and thin articu- 
lated arm, and to overcome the effects of thermal lens- 
ing in general, avoiding thermal damage to intra-cavity 45 
mirrors in particular, so that operation at higher power 
levels becomes possible. 

The principles and operation of a laser system 
according to the present invention may be better under- 
stood with reference to the drawings and the accompa- so 
nying description. 

Referring now to the drawings. Figures 1 and 2 
illustrate schematicafly the basic geometry of a cdli- 
mated laser beam between the exit aperture of the laser 
and a remote aperture that represents the plane at ss 
which the articulated arm is coupled to the surgical tool. 
The beam is shown as unfolded O e. without the folding 
of the beam by the rrtrrors at the joints of the arm, which 



has no bearing on the effects being discussed). The dis- 
tance between the two apertures, which is the length of 
the optical path through the arm, is denoted by 1 . Rgure 
1 illustrates the case of a surgical system according to 
prior art. At an exit aperture 16, a beam 12 is seen to 
have a nominal diameter d^^ and an angle of diver- 
gence a^,. At the aperture near a tool 14, beam 16 has 
a nominal diameter of d,,. Clearly these variables are 
related by: d,, = d + la^, . Now it is well known that 
the divergence angle of a collimated beam is inversely 
related to its initial (i.e. exit) diameter: that is, generally 
dga^ is constant. Therefore if is increased, will 
decrease proportionally. This is accomplished by a 
beam expansion telescope, which includes a pair of 
positive lenses arranged confocally along the optical 
axis of the beam. The ratio between the focat lengths of 
the two lenses. N, is equal to the factor of expansion of 
the beam diameter. This is shown in Rgure 2, where 
such a beam expansion telescope has been added to 
the optical scheme of Rgure 1 . A beam expansion tele- 
scope 20 consists of a positive lens 22, with focal length 
/j, and a positive lens 24, with tocal length fg, which 
have a common focus at 26. The laser exH beam diam- 
eter is again dg, , whereas the beam dameter after lens 
22 is dj. Clearly dgj /d,, = N = fj/f , . The beam 
divergence angle will now be a^a =aji/N and the 
beam diameter at the tool end will now be 

d^ =dg2 +'302 = N^ei +'adi/N. 

The value of N can now be determined so ais to mini- 
mize the beam diameter d^^ at the tool aperture 14. 
Using elementary calculus the relation for such a mini- 
mal beam diameter is found to be sqrt(la^2/dgz). 

Reference is now made to Rgure 3. which shows 
schematically the optical cavity configured so as to cor- 
rect the effects of thermal lensing. There is shown 
therein a pair of reflecting mirrors 32 and 34. at both 
ends of the cavity, which form an unstable optical reso- 
nator, to be explained herebelow, and a rod of laser 
medium 36. One or both ends 38 of rod 36 are ground 
to assume a concave surface, making it function as a 
negative lens. The curvature of these surfaces is cho- 
sen so as to partially offset the positive curvature, or 
ler^ng, caused by the thermal effects in rod 36 at max- 
imum operating power level, arxj totaOy offset ttie lens- 
ing caused by the thermal effects in rod 36 at some 
intermediate operating power level. Thus, at some imer- 
mediate operating power level, ends 38 of rod 36 will be 
6ul}etantiaUy planar and therefore no undue beam con- 
centration will occur at ttie surfaces mirrors 32 and 34. 
arxl also the exit beam divergence will remain unaf- 
fected. Moreover, the resultant reduction in intra-cavhy 
beam convergence alleviates the deleterious effect on 
generated power level, as described hereatxjve. The 
degree of negative curvature used is lower than the 
degree of negative curvature of the negative lens of the 
prior art For this reason, the device of the present 
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invention does not suffer from the side effects associ- 
ated with the prior art; however, this often requires that 
other means for reducing divergence, including the 
beam expansion telescope and the unstable resonator 
of the present inverrtion, be used as well. 

Unstable optical resonators, in conjunction with 
solid-state lasers, are described in chapter 5.5 of 
Koechner's bookt The present inverrtion preferably uti- 
lizes the confocal positive-branch type of unstable reso- 
nator. Accordingly mirror 32 is concave and spans the 
whole beam, while mirror 34 is convex and its diameter 
is only a fraction of the beam diameter. As explained in 
the reference, in an unstable resonator high-order beam 
modes tend to diverge faster (i.e. over fewer round trips) 
than the lower order modes. Thus there is a mode filter- 
ing effect. As long as the laser amplification in the rod is 
high enough, there will occur a net power gain in the 
beam for the low-order modes. As a result, the inherent 
exit beam divergence is reduced and thus also the min- 
imal beam diameter achievable at the far end oi the 
articulated arm will be reduced. 

In addition, the optical cavity is provided with at 
least one intracavity shutter 40, which remains closed 
until set^eral hundred milliseconds after power is turned 
on. This prevents the laser beam from damaging mirrors 
32 and 34 before rod 36 has reached thermal equllb- 
rium. 

In the most preferred emtxxjiment of the present 
invention, all four means for coping with the deleterious 
effects of thernnal lensing, to wit a negative curvature 
on at least one of ends 38 of rod 36, a positive-branch 
unstable resonator such as Is provided by mirrors 32 
and 34, beam expansion telescope 20, and shutter 40, 
are used. Nevertheless, the scope of the present inven- 
tion includes the use of any of the four means sepa- 
rately or in combinations of two or three of them. 

While the inventon has been described with 
respect to a limited number of embodiments, it will be 
appreciated that many variations, modifications and 
other applications of the invention may be made. 

Claims 

1. A laser system for delivering a beam of radiant 
energy through a remote aperture, including a rod 
of solid lasing medium, comprising means for 
reducing beam divergence. 

2. The laser system of daim 1, wherein said means 
includes a negative curvature on at least one and of 

said rod. 

3. The laser system of claims 1 cr 2, wherein said 
means includes a positive-branch unstatsle resona- 
tor. 

4. The laser system of anyone of claims 1 to 3, 
wherein said means includes a beam expansion 



telescope. 

5. The laser system of anyone of daims 1 to 4, further 
comprising at least one intra-cavity shutter. 

5 

6. In a laser system for generating a beam of radiant 
energy having an optical path through a remote 
aperture, including a rod of solid lasing medium and 
an optical cavity, a method for reducing the diver- 

10 gence of the beam comprising at least one proce- 
dure selected from the group consisting of: 

(a) shaping at least one end of the rod to have 
negative curvature; 
IS (b) configuring the optical cavity as a positive- 

branch unstable resonator: and 
(c) providing a beam expansion telescope in 
the optical path of the beam. 

so 7. The method of claim 6, further including the step of 
providing at least one intracavity shutter. 
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